Abstract. Battery Electric Vehicles (BEVs) are a promising solution for reducing the impacts of passenger vehicles on the environment. However, their driving range is restricted due to the limitations of battery technologies. This range can be extended by adoption of multiple-speed transmissions. Most of the comparisons in the related studies are based on non-optimal designs or limited to modal driving cycles. Furthermore, the impact of PowerSplit Continuously Variable Transmission (PS-CVT) layout with type III power ow on the power consumption of BEVs has never been examined. In this paper, single-, two-, and three-speed transmissions along with PS-CVTs with type I and III power ows are optimized for a case study of BEV. Furthermore, the e ects of push belt and full-toroidal CVTs in construction of PS-CVT are compared. The results demonstrated that a PS-CVT with type I power ow equipped with the full-toroidal CVT had the best performance. However, it reduced the energy consumption by 0.36% compared to the optimal two-speed layout. In addition, its ratio range was more limited, which could negatively impact the dynamic performance. Finally, simulation of the optimal designs along a di erent cycle proved that the obtained results were consistent, regardless of the driving cycle.
Introduction
Internal Combustion Engines (ICEs) are the dominant power source for vehicles [1] . However, due to the adverse e ects of their emissions, manufacturers have to comply with strict regulations regarding air pollution [2] . Despite all the innovations and improvements regarding ICEs, emissions are an inherent part of them. Therefore, many manufacturers have shifted their attention to Electric Motors (EMs) as a possible replacement. This has led to the emergence of Hybrid Electric Vehicles (HEVs) and Battery Electric Vehicles (BEVs).
Unlike HEVs, BEVs do not contain any ICEs and thus, are considered to have zero emission. In BEVs, the required energy for the operation of EM is supplied by a battery pack, which is often referred to as the Energy Storage System (ESS). Despite its considerable weight, ESS can store a relatively low amount of energy due to its low energy density [3] . Since increasing the weight can negatively impact the performance and energy consumption of BEVs, a major challenge faced by BEV manufacturers is how to increase its range without increasing the weight of ESS. Hence, other possible solutions that result in higher overall e ciency and thus, less energy consumption are more bene cial.
In addition to zero emission, EMs can produce high torques at low speeds, which is a favorable characteristic for the power source of a vehicle. Furthermore, they can operate at relatively higher speeds and continuously produce maximum power. Hence, adoption of a single-speed transmission in BEVs can result in adequate dynamic performance (i.e., acceleration, gradeability, and top speed) [4] . However, the e ciency of EM is not constant and depends on its operating conditions. Consequently, coupling a multispeed transmission with EM can ensure better EM e ciencies. This improved e ciency can lead to lower energy consumption and thus, a higher range for BEV without increasing the weight of ESS [5] . Many researchers have studied the e ects of using a two-speed transmission in BEVs [4] [5] [6] [7] [8] . They all have delivered consistent results showing that this con guration results in low energy consumption compared with a single-speed transmission. Furthermore, study of a three-speed transmission has shown similar results. Zhang et al. [9] optimized a three-speed transmission for a BEV and reported its 9.3% less energy consumption than that of the original singlespeed transmission.
Another type of transmission, which has been widely studied in conventional vehicles is Continuously Variable Transmission (CVT) [10] . CVTs are capable of providing a continuous ratio change. Therefore, optimum operating condition of the power source can be ensured. However, their adoption in BEV has rarely been discussed and the results are inconsistent. Sorniotti et al. [11] studied the e ect of single-and two-speed transmissions along with CVT on 4 case study vehicles with the assumption that no loss would occur in CVT. Although the results were slightly in favor of CVT, they argued that due to complex design and losses in real situations, the two-speed con guration was superior. On the other hand, Ruan et al. [12] showed that the energy consumption of a BEV equipped with CVT in Urban Dynamometer Driving Schedule (UDDS) was substantially less than that of a similar case with a two-speed transmission and thus, its application was justi ed.
The main drawbacks of CVT are its limited ratio range, low e ciency, and restricted power transfer capacity [13] . In order to resolve these weaknesses, a Fixed Ratio (FR) mechanism and Planetary Gear (PG) train can be used in conjunction with CVT. This type of transmission is known as Power-Split Continuously Variable Transmission (PS-CVT) and can perform better than the single CVT in certain operating conditions [14] . Bottiglione et al. [15] studied this type of transmission for a BEV. The results indicated that a type I PS-CVT would have lower energy consumption than single-and two-speed transmissions, full-toroidal and half-toroidal CVTs, and type II PS-CVT.
One major aw in the studied literature is that the gear ratios of the compared layouts have not been optimized for minimum energy consumption [6, 12, [15] [16] [17] [18] [19] [20] [21] [22] . Thus, the results are inconclusive. Furthermore, most simulations have been conducted along modal driving cycles [6, 9, 12, 15, 16, 19] . Therefore, the results may not apply to real driving situations. The aim of this paper is to minimize the energy consumption of a BEV employing di erent types of transmissions along a transient driving cycle. The main focus will be on modeling and optimization of type I and type III PS-CVTs. Moreover, two types of CVT, namely fulltoroidal and push belt, will be used in these structures to study the e ects of their unique characteristics on the nal results. In addition to PS-CVTs, single-, two-, and three-speed transmissions will be studied. Not only the ratios, but also the shifting pattern will be optimized. Finally, the BEV containing the optimum design of each layout will be simulated along a di erent cycle to study the consistency of results.
BEV model
The studied vehicle is the result of conversion of a conventional passenger vehicle [23] . The key parameters of its components, which have been used in the modeling process, are summarized in Table 1 . Furthermore, characteristics of the main components will be brie y discussed. Due to the relatively complex structure, modeling of PS-CVT will be discussed in detail in the next section.
EM and ESS
The studied BEV is equipped with a permanent magnet EM unit. This unit is capable of producing 85 kW (peak) power and 255 Nm (peak) torque, and is able to operate in constant power above its base speed (3183 rpm). This EM can operate at speeds up to 10250 rpm and its e ciency is higher than 80% in most of the operating regions as depicted in Figure 1 . The ESS can store 28 kWh energy and generate the 350 V nominal voltage required by the EM. ESS forms an extremely complex time-varying and nonlinear system. In this research, ESS is modeled according to the internal resistance model similar to ADVISOR. The thermal behavior of ESS and the e ect of temperature variation on its characteristics have been ignored for the sake of simplicity. Charging behavior has not been taken into consideration since the e ect of regenerative braking is negligible [4] . The internal discharge resistance of ESS modules varies with their state of charge as shown in Figure 2. 
Transmission
The most common type of transmission adopted in BEVs is single-speed. The designed ratio should satisfy gradeability, acceleration performance, and top speed constraints, simultaneously. While the rst two call for a low speed ratio, the latter requires higher ratios; thus, the nal design is a trade-o . The studied vehicle is tted with a single-speed gearbox with the ratio and e ciency reported in Table 1 .
Two-speed transmissions are capable of resulting in better overall performance of BEV. In this case, the rst gear is designed to achieve the desired gradeablity and acceleration performance, while the second gear ensures that the speci ed top speed is achievable. Hence, these constraints can be satis ed separately, thus providing more feasible designs. Additionally, with the adoption of an optimized shifting pattern, EM can operate in more optimum regions. Therefore, lower energy consumption can be achieved. The design of the rst and last gear ratios in a three-speed transmission is similar to that in the two-speed case. However, with the addition of a middle gear, more optimal operating conditions can be provided for EM.
The downside of adding gear sets is higher losses in the transmission system. Single-speed transmission has the least number of moving parts and a typical e ciency of 98%. Two-speed and three-speed transmissions have more rotating parts and thus, lower e ciency of 95% and 92%, respectively [20] . The casestudy vehicle includes a nal drive mechanism in which ratio and e ciency are 0.256 and 97%, respectively.
Chassis
The BEV is considered as a lumped mass moving only along the longitudinal axis. The elementary equation governing the movement of the vehicle has the following form:
where m is dynamic mass of the vehicle, v is its velocity, F t is the traction force on wheels, and F res is the resistance force (sum of rolling resistance and aerodynamic drag). The resistance force can be derived more accurately by using the results from coast-down test. Hence, constants f 0 , f 1 , and f 2 are implemented in this study and their respective values are reported in Table 1 .
PS-CVT architectures
As stated before, PS-CVT is comprised of a PG, FR, and CVT in the transmission system. This type of transmission can o er a wider speed ratio range, higher power transmission capacity, and better overall e ciency than the CVT (in certain operating conditions). PS-CVT can be categorized as series or parallel depending on the arrangement of its components. In a series arrangement, CVT and PG are directly connected to the input shaft ( Figure 3(a) ), while parallel PS-CVT is constructed by direct connection of CVT and FR to the input shaft ( Figure 3(b) ). The CVTs in this study cannot endure speeds higher than 6000 rpm; thus, a single reduction gear (FR in ) must be embedded in the input. This additional component ensures that the EM can operate even at its peak speed without harming the CVT. As depicted in Figure 4 , three types of power ows are possible in PS-CVT, which are determined by the design of FR and PG. As mentioned in Ref. [24] , with a type II power ow, the input power of CVT will always be larger than that of PS-CVT. Since CVT has the least e ciency among all PS-CVT components, the more the power transferred through the CVT, the less the e ciency of PS-CVT will be. Furthermore, the power transfer capacity will be more restricted. In contrast, with a type I power ow, the input power to the CVT is smaller than the total input power to the PS-CVT in some ranges, which leads to higher e ciency in those ranges.
Mangialardi and Mantriota [14] derived the necessary equations to calculate the e ciency of type I and II ows. Their study showed that series con guration was more bene cial and type I ow would lead to better results in terms of e ciency. However, further study of type III ow was disregarded due to the speci c conditions under which it occurred.
Unlike the rst two types of power ows, the type III ow will not result in power recirculation, thus better e ciency characteristics are expected. This attribute makes this type of ow worthy of comparison to type I in terms of e ciency. However, it has been shown that this type of ow occurs only when the ratio range of PS-CVT is smaller than that of CVT [25] . Hence, its study has largely been neglected [14, 15, 26, 27] . Nevertheless, as the results will indicate, the optimal designs satisfy this condition. This type of ow has been investigated only in some special con gurations [13, 25, 28, 29] designed to have a range equal to CVT. Therefore, in order to investigate the characteristics of the type III power ow in a series arrangement with a limited range and calculate its e ciency, kinematic analysis should be conducted. The transmission ratios of each component can be determined using the following equations, where ! i denotes the rotational speed of the ith path:
Applying the power conservation equation to PG results in Eq. (3), which can be rewritten as Eq. (4): increase in total transmission ratio:
Using Eq. (1) and the relation derived in Eq. (5), the ratios of PG and FR can be derived as follows:
which shows that by determining the desired range for the PS-CVT, the design parameters of other components can be derived. Following a similar approach to that in [25] , the necessary condition for occurrence is obtained as follows:
Finally, the e ciency of a series PS-CVT with a type III power ow will be:
As it can be seen, the overall e ciency of PS-CVT is a function of the e ciency of its components. The losses in FR can be assumed constant [14] ; thus, its e ciency is set to 98%. However, PG and CVT have more complex behaviors in terms of loss. Assuming that the losses in PG are only the result of friction between gear train teeth, its e ciency can be calculated according to [30] . CVT has the least e ciency among all these components. Therefore, accurate modeling of its losses is essential.
The most common types of CVT employed in automotive industry are toroidal and push belt, and both can be adopted in the construction of PS-CVT. Although both types o er a continuous change of speed ratio, their e ciency depends highly on their working conditions. In this research, a commercial prototype of both types will be modeled and studied. The studied push belt type CVT is a commercial product and can transfer torques up to 225 Nm. Moreover, it is capable of providing ratios between 0.41 and 2.33, continuously. Rather than application of theoretical equations, results of real-life operation are used for estimation of its e ciency. The e ciency at any desired state can be estimated by interpolation between available data points. Figure 5 shows the variation of e ciency, as a function of input torque, and speed while the CVT is working at its minimum speed ratio.
The e ciency of the selected full-toroidal CVT can be calculated analytically using the model presented in [31] in which the e ciency is considered as a function of geometry, condition of the lubricating oil, and operating conditions such as speed ratio, input torque, and rotational speed. The e ciency characteristics of this type are considerably di erent from those of the push belt CVT. As shown in Figure 6 for CV T = 1, a push belt CVT has higher e ciency while operating at higher torques; conversely, a fulltoroidal CVT operates better at lower torques. Hence, the type of CVT used in the construction of PS-CVT can a ect its overall e ciency signi cantly along a driving cycle. Therefore, the e ciency model of both types should be employed to calculate the overall performance of powertrain. Table 2 sums up the key features of these CVTs. As it can be seen, the maximum input speed for both cases is limited to 6000 rpm.
Optimization method
The main target of this paper is to minimize the energy consumption of the BEV along a transient driving cycle. The consumed energy mainly depends on the performance of the EM and transmission. In a BEV equipped with a single-speed transmission, EM can operate at a certain operating point depending on the torque and speed required at wheel. Therefore, a brute force algorithm can be utilized to nd the optimal ratio. However, other proposed con gurations o er multiple operating conditions for EM at each time step. Therefore, a suitable optimization algorithm should be employed to nd the optimal ratios and gear selection pattern.
For the present study, Particle Swarm Optimization (PSO) algorithm is utilized to optimize the selected layouts. This method has widely been used in various elds because of its high rate of convergence in nding the global minimum [32] . In this method, candidate solutions, which are chosen randomly at the beginning, are treated as particles with speci c positions and velocities. At each iteration of the algorithm, the velocities and positions of these particles are updated with respect to their own best position and the overall best position. This procedure continues until the convergence criterion is satis ed. A more detailed description of this algorithm has been presented in [33] .
In this optimization, the cost function represents the energy consumption along the driving cycle. The driving cycle in this case is composed of 5 di erent cycles, namely 15 mode, 10-15 mode, SC03, NYCC, and IM240. Unlike 15 mode and 10-15 mode, which are modal cycles, the rest represent real driving behaviors. Figure 7 represents the speed pro le of this cycle. A backward facing simulation is used to determine the value of cost function along this cycle and the nal results are veri ed by the ADVISOR.
Speed and acceleration of the vehicle are known at every time step of this driving cycle. Hence, the torque and speed of the output shaft of transmission can be determined. In case of two-and three-speed transmissions, each gear ratio results in a di erent operating point for the EM. Therefore, at each step, the ratio which results in the highest EM e ciency is selected.
Unlike the discussed cases, the e ciency of PS-CVT varies greatly depending on its ratio, input speed, and torque. Hence, in addition to the operating region of EM, the operating conditions of PS-CVT and thus, its e ciency impact the energy consumption, signi cantly. Consequently, the overall e ciency of the powertrain must be maximized in order to minimize the energy consumption. This optimization problem can be formulated as follows:
=maxf EM ( P S CV T ): P S CV T ( P S CV T )g; (10) 
The e ciency of PS-CVT cannot be calculated directly by only knowing its output torque and speed. The procedure carried out to determine its accurate value for every gear ratio uses an initial estimation and determines the required input speed and torque based on this guess. Utilizing the input conditions and speed ratio, the accurate e ciency of PS-CVT is calculated. If this value considerably di ers from the initial guess, it will be used as the initial estimation and the procedure is repeated until convergence is attained. The proposed optimization algorithm for this case follows the owchart represented in Figure 8 . Regarding the required output speed and torque, for every possible ratio, the e ciency of PS-CVT and thus, the input torque and speed can be determined. This determines the operating point of EM. By increasing the speed ratio from P S CV Tmin up to P S CV Tmax , the product of the e ciency of EM and PS-CVT is calculated and nally, the ratio corresponding to maximum overall e ciency is selected. It should be noted that the ratios which result in torques and speeds outside the working range of the EM are not acceptable. Similarly, ratios corresponding to input CVT torques larger than its capacity are ignored.
A crucial step in the optimization procedure is establishing the constraints. The constraints mentioned so far are the ones concerned with the maximum capacity of components. However, as mentioned earlier, gradeability and acceleration performance set an upper bound on the possible values of the minimum ratio. Similarly, the maximum ratio corresponds to top speed. Therefore, the desired top speed requires the designed highest ratio to be larger than a speci c value. In the present study, these limits are assigned according to PNGV performance constraints [34] . The proposed acceleration performance is more demanding than gradeability. Therefore, an acceleration time less than 12 seconds from 0 to 97 km/h bounds the lowest ratio. Furthermore, the designed transmission should enable the BEV to reach speeds higher than 137 km/h, which sets the lowest bound on the highest ratio.
Using 85% e ciency for PS-CVT while operating at the minimum ratio and the discussed values for other types of transmission, the parameters reported in Table 3 can be calculated.
Results and discussion
Using the discussed procedure, optimal design values can be obtained. Table 4 presents the derived optimum ratios for single-, two-, and three-speed transmissions.
As the results indicate, the minimum optimal ratios of two-and three-speed layouts are close. However, the maximum ratio in a three-speed transmission is much larger than that in the two-speed. Furthermore, the carried out procedure determines the minimum and maximum ratios of PS-CVT layouts, which result in minimum energy consumption. Hence, using the proposed shifting algorithm along with a design that leads to these ratios corresponds to maximum vehicle range for these layouts. It is notable that by using these values, the optimal speed ratios of FR and PG can also be determined (see Eqs. (6) and (7)) as represented in Table 5 . The results show that the optimum ratio range for a PS-CVT equipped with the push belt CVT and type I power ow (PB-I) is equal to that for the case with the full-toroidal CVT (FT-I). Moreover, the results for the designs with type III ow are roughly the same. The optimal shifting pattern and speed ratios are designed to ensure the least possible energy consumption for the BEV. This quantity along the proposed driving cycle is presented in Table 6 . As the results indicate, optimum FT-III design will be the most e ective layout at extending the driving range of the BEV. This layout results in 1.86% lower energy consumption than the original single-speed transmission does. It is interesting to note that a two-speed transmission improves the energy consumption more than both PS-CVT layouts equipped with the push belt CVT do. Furthermore, despite its complex design, FT-I lowers the energy consumption by just 0.34% compared with the two-speed transmission. Therefore, this slight improvement does not justify its application in the BEV. Moreover, according to Tables 4 and 5 , including F R in , the two-speed design covers a larger range. Therefore, this design can also be adopted in vehicles that demand better performance while minimizing the energy consumption at the same time. Table 6 also indicates that more gear ratios will not necessarily mean lower energy consumption. This can be seen for the case of three-speed transmission. This layout o ers more optimal operating conditions for EM. It results in 1.23% higher EM e ciency along the cycle than the two-speed layout does. However, due to the higher losses of this type of transmission, the overall powertrain e ciency is 1.13% less. Thus, the overall energy consumption is 2.13% more than that in the two-speed design.
In order to check the consistency of these results, it is necessary to simulate the vehicle with these designs along another driving cycle. In this study, LA-92 cycle has been selected for this purpose. This cycle is also known as the Uni ed Cycle Driving Schedule (UCDS) and represents a relatively aggressive driving behavior [35] .
Similar to Table 6 , the information in Table 7 can be used to compare the performance of each type of transmission. The results are in agreement with the former case, and FT-I results in slightly lower energy consumption (0.07%) than the two-speed transmission. Moreover, the three-speed transmission leads to the least favorable results. Although it o ers more favorable operating regions for the EM, its inherent lower e ciency outweighs this advantage.
Both simulations indicate that for each type of power ow, the PS-CVT equipped with the fulltoroidal CVT is more advantageous. As stated earlier, the push belt CVT has higher e ciency when the input torque is large. Conversely, the full-toroidal CVT shows better e ciency characteristics under smaller torques. Figure 9 shows the torque crossing each type of CVT for each power ow type in the rst 300 seconds of LA-92 cycle. For a type I ow (Figure 9(a) ), with the adoption of the optimal shifting pattern, more torque crosses push belt CVT. However, the input torques are relatively small. Therefore, adoption of FT-I is more bene cial and results in 0.5% less energy consumption. However, PB-III leads to 1.15% more energy consumption than FT-III. This is in agreement with the results presented in Figure 9 (b). As it can be seen, for a type III ow, the torque applied to the CVT is less than that for the case of type I ow. Furthermore, slightly large torques cross full-toroidal CVT compared with the push belt case. Hence, PB-III will lead to less e ciency. Figure 9 . Torque applied to CVT for a segment of LA-92 cycle: (a) Type I power ow, and (b) type III power ow.
Conclusion
This paper studied the e ect of seven di erent transmission systems on the energy consumption of a BEV, namely single-, two-, and three-speed PS-CVTs with type I and III power ows equipped with fulltoroidal and push belt CVTs. Using particle swarm optimization, the optimal ratio design of each layout was determined. Furthermore, instead of e ciency of the EM, the e ciency of powertrain was taken into consideration for optimal gear selection. The results were obtained by conducting simulations along a composite driving cycle. This cycle was designed to account for modal and transient driving patterns. The proposed cycle was constructed by putting together 5 di erent cycles, namely 15 mode, 10-15 mode, SC03, NYCC, and IM240. The results showed that FT-I led to the best results in terms of e ciency. However, these results were not considerably better than those for the optimal two-speed layout. Moreover, regardless of the type of CVT, PS-CVTs with type I power ow had better performance than those with type III. Furthermore, adoption of the fulltoroidal CVT in the construction of PS-CVT produced better results than the push belt CVT, regardless of the power ow type. The BEV with the obtained optimum designs was simulated along LA-92 driving cycle to con rm the consistency of results. The results were in agreement with the former ndings. More precisely, FT-I improved the energy consumption by 1.67% in comparison to the original single-speed transmission. Despite the complex design, this layout o ered only 0.07% improvement compared with the optimal two-speed transmission. Therefore, its application was not justi ed. Moreover, the ratio range of optimum PS-CVT design was smaller than those of other multiple-speed layouts. Therefore, its application would be limited if greater performance constraints were imposed on the BEV. However, it should be noted that these results are limited to the case-study vehicle. Consequently, adoption of these transmission layouts for a BEV containing an EM with more diverse e ciency contours might result in more considerable reduction in energy consumption. Furthermore, using e ciency contours instead of constant values for calculation of e ciency of two-and three-speed transmissions might change the outcome. 
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